Polymers with the ability to repair themselves after sustaining damage could extend the lifetimes of materials used in many applications 1 . Most approaches to healable materials require heating the damaged area [2] [3] [4] . Here we present metallosupramolecular polymers that can be mended through exposure to light. They consist of telechelic, rubbery, low-molecular-mass polymers with ligand end groups that are non-covalently linked through metal-ion binding. On exposure to ultraviolet light, the metal-ligand motifs are electronically excited and the absorbed energy is converted into heat. This causes temporary disengagement of the metal-ligand motifs and a concomitant reversible decrease in the polymers' molecular mass and viscosity 5 , thereby allowing quick and efficient defect healing. Light can be applied locally to a damage site, so objects can in principle be healed under load. We anticipate that this approach to healable materials, based on supramolecular polymers and a light-heat conversion step, can be applied to a wide range of supramolecular materials that use different chemistries.
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The healing of cracks in amorphous polymers by heating above the glass transition temperature (T g ) involves surface rearrangement and approach of polymer chains, followed by wetting, diffusion and reentanglement of the chains 6 . Because the rates of the final two steps are inversely proportional to the molecular mass, healing is generally slow and inefficient. This problem can be overcome by exploiting thermally reversible, covalent bonds 7, 8 or non-covalent supramolecular motifs 5, 9, 10 that allow the reaction equilibrium to be temporarily shifted to lower-molecular-mass species 11 on exposure to heat. This reduces the viscosity of the material, such that defects can be mended, before the equilibrium is shifted back and the polymer is reformed. Supramolecular polymers that phase separate into physically crosslinked networks (Fig. 1a) should be especially well suited for this purpose, because such morphologies generally bestow the material with high toughness. The supramolecular motifs can disengage in the solid state on exposure to heat or a competitive binding agent 12, 13 , causing disassembly into small molecules 14 and viscosity reductions. Reporting a series of supramolecular materials formed by metal-ligand interactions, we demonstrate here that this architecture is an excellent basis for elastomeric materials in which defects can be efficiently repaired. We show that the use of light 15 as a stimulus for the dissociation of supramolecular motifs has distinct advantages over thermally healable systems, including the possibility of exclusively exposing and healing the damaged region.
The new polymers are based on a macromonomer comprising a rubbery, amorphous poly(ethylene-co-butylene) core with 2,6-bis(19-methylbenzimidazolyl)pyridine (Mebip) ligands at the termini (Fig. 1b, 3 ). This design was based on the assumption that the hydrophobic core and the polar metal-ligand motif would phase separate 16 . Metal-Mebip complexes were previously used to self-assemble polymeric materials [17] [18] [19] [20] [21] , and their optical properties seemed appropriate for optical healing 22 (see below). To probe how the metal ion affects the materials' properties, 3 was self-assembled with Zn(NTf 2 ) 2 Small-angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) studies of films of 3?[Zn(NTf 2 ) 2 ] x revealed microphase-separated lamellar morphologies in which the metal-ligand complexes form a 'hard phase' that physically crosslinks the poly (ethylene-co-butylene) 'soft' domains. The SAXS data ( Fig. 2a and Supplementary Table 1) show strong Bragg diffraction maxima at integer multiples of the scattering vector magnitude of the primary diffraction peak (2q*, 3q* and so on), characteristic of well-ordered layered morphologies. The lamellar period increased from 8. :3 ratio is decreased (Fig. 3a, b) , consistent with a decrease in molecular mass and long-range order (Fig. 2a, b and Supplementary  Fig. 2 ) as the stoichiometric balance of metal and ligand is offset.
The optical absorption spectrum of 3 has a band with a maximum at 313 nm that is characteristic of Mebip ( Supplementary Fig. 5 ). On complexation of 3 with Zn(NTf 2 ) 2 , this band weakens and a new peak, at 341 nm, appears. A titration series shows an isosbestic point at 328 nm, reflecting a well-defined equilibrium between free and metalcoordinated ligands. The absorption spectra of films of 3 and 3?[Zn(NTf 2 ) 2 ] x have similar features (Supplementary Fig. 6 ). Lowmolecular-mass Zn 21 -Mebip complexes fluoresce weakly, suggesting that a considerable portion of absorbed light is converted into heat. The optical healing pursued here is based on the assumption that this energy could be harnessed to locally dissociate the supramolecular motif and disengage the macromonomer ends from the hard phase (Fig. 1a) , resulting in a decrease in the supramolecular polymer's molecular mass and liquefying the material. 
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To test this hypothesis, we deliberately damaged 350-400-mm-thick films of the polymers based on 3 and 0.7-1.0 equiv. of Zn(NTf 2 ) 2 by applying well-defined cuts with a depth of ,50-70% of the film thickness. These samples were subsequently exposed to ultraviolet radiation with a wavelength of 320-390 nm and an intensity of 950 mW cm 22 
.
Pictures of films made of 3?[Zn(NTf 2 ) 2 ] 0.7 suggest that under these conditions two consecutive exposures of 30 s are sufficient to heal the cuts completely (Fig. 2c) . Materials with higher metal contents healed less well. Slight discolouration of the samples on ultraviolet irradiation was observed, and increased with exposure time; this may reflect photooxidative stress, which is not surprising given the light intensity, the temperature, the presence of air and possibly residual double bonds in the poly(ethylene-co-butylene) core. Figure 2e shows that it was readily possible to heal a 3?[Zn(NTf 2 ) 2 ] 0.7 film while applying a stress of ,8 kPa, by irradiating only the damaged portion. The extinction coefficient of the metallopolymer films is ,890 cm
21
, and light absorption and heat generation therefore occur predominantly at the surface. In situ experiments revealed that under the conditions employed here for healing, the surface temperature of a 3?[Zn(NTf 2 ) 2 ] 0.7 film rose to over 220 uC in 30 s and slightly higher on longer irradiation (Fig. 2d) . We qualitatively confirmed that 3?[Zn(NTf 2 ) 2 ] 0.7 films also healed on heating to ,190 uC, which supports the idea that the light-induced healing is indeed due to photothermal conversion. Reference experiments in which 3?[Zn(NTf 2 ) 2 ] 0.7 films were irradiated with light of similar intensity but a wavelength outside the absorption band of the metalligand complex showed no healing, confirming that the process is indeed due to absorption by the metal-ligand complex and not to infrared heating (Supplementary Fig. 7) .
To determine the healing efficiency of 3?[Zn(NTf 2 ) 2 ] x in a quantitative manner, films were damaged and healed as described above. We conducted stress-strain experiments on 'original', 'damaged' and 'healed' samples, and the healing efficiency was expressed using toughness as the figure of merit:
healing ef f iciency~100% toughness healed toughness original
Here toughness healed is the toughness of the healed sample set and toughness original is the toughness of the original sample set. Figure 3b shows that the strain and stress at break of a 3?[Zn(NTf 2 ) 2 ] 0.7 film (and, hence, toughness, which is proportional to the area under the stress-strain curve) are significantly reduced on damaging the samples as described above. However, the original properties could be restored on ultraviolet irradiation. Statistical experiments (Fig. 3b, d and Supplementary Tables 2 and 3) show that toughness healed is comparable to toughness original and statistically different from the toughness of the damaged sample set, with a healing efficiency of 100 6 36%. Lower healing efficiencies, of 25 2 ] 0.7 , on account of the excess of free ligands, which render the system more dynamic and lower the viscosity. However, the concomitant decrease in molecular mass and long-range order also lower the toughness as the Zn 21 :3 ratio is decreased (Fig. 3a, b) . As La Fig. 9 ), suggesting the formation of network structures. Nevertheless, SAXS and TEM data reveal the formation of a predominantly lamellar morphology (Fig. 4a, b) with a period of 7.4 nm (SAXS data for (Fig. 4d-f) . The images show that the cut is filled and disappears, consistent with the proposed viscosity decrease on exposure to light. Our systematic investigation of several strategically chosen compositions and in-depth morphological studies provide insight into the healing process in these metallosupramolecular polymers, based on a previously unexplored combination of supramolecular polymerization and the concept of light-heat conversion. The formation of lamellar morphologies in which a hard phase comprising the metal-ligand complexes physically crosslinks soft domains of the poly(ethylene-cobutylene) cores is the main determinant for the thermomechanical characteristics of the materials studied. The data suggest that the dynamics of the light-induced depolymerization and, thereby, the healing behaviour are governed by the presence of an excess of free ligands and the nature of the metal-ligand bond. The concept of photothermally induced healing of supramolecular materials seems to be applicable to any supramolecular polymer with a binding motif that is sufficiently dynamic. The ability to change the chromophore makes it possible to tailor the wavelength required for healing. The combination of the new approach with an additional mechanochromic response 24, 25 promises access to true-that is, autonomously functioning-selfhealing materials, in which light is absorbed only at defect sites.
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METHODS SUMMARY
We synthesized macromonomer 3 (number-average molecular mass, M n 5 4,800 g mol
21
) via a Mitsunobu reaction of 1 and hydroxyl-terminated poly (ethylene-co-butylene) ( 3 Cl/CH 3 CN mixture. Films 350-400 mm thick were produced by casting and drying these solutions and compression moulding the resulting solids at 120 uC. The thermomechanical properties were characterized by MDSC and DMTA under N 2 at heating rates of 3 uC min
. Stress-strain experiments were conducted at 25 uC with a strain rate of 5% min 21 , on 'dog-bone-shaped' samples ( Supplementary Fig. 8 ). Damage to the film was applied by cutting the samples to a depth of ,50-70% with a razor blade. Samples were healed by exposure to light of wavelength 320-390 nm and intensity 950 mW cm All errors are standard deviations. On account of the destructive nature of the stressstrain experiments, different samples from the same batch were used to measure the materials in their original, damaged and healed states. To account for the thickness variation between samples, force-displacement curves were divided by the nominal cross-sectional area of the sample (assuming no defect for damaged and healed samples) to yield stress-strain curves. These were integrated to yield toughness as a figure of merit, allowing comparison of original, damaged and healed samples. We characterized morphology using SAXS, TEM and AFM. Surface temperatures were determined with an infrared camera. LETTER RESEARCH
